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PREFACE 
The purpose of this study is to propose an optimization proce-
dure which is applicable to the optimization of the heat exchange 
system. Optimization of a heat exchange system is studied as a 
three stage problem: optimization of the heat exchangers, optimization 
of a heat exchange system for a fixed system configuration, and optimal 
synthesis of a heat exchange system. The Fibonacci search technique is 
used for the optimum design of a water cooler. The modified simplex 
method is used for the optimization of a heat exchanger system for a 
fixed system configuration. Optimal synthesis of the heat exchange 
system is developed by graphical analysis of a temperature-enthalpy 
flow rate diagram and a temperature-heat capacity flow rate diagram. 
I wish to express my sincere thanks to Dr. Kenneth J. Bell for 
his invaluable advice and guidance throughout this study and to 
Dr. John H. Erbar for his assistance in using the OSU PAS system to 
calculate thermodynamic property data necessary to perform the desired 
calculations. Appreciation is also expressed to all the faculty of 
the School of Chemical Engineering for their assistantship throughout 
this study. A special note of thanks to Mrs. Dolores Behrens is in 
order for her excellent typing of the final copy. 
Finally, I would like to express my gratitude to my parents, 
wife, Younghae, and brother, Youngwon, for their understnading, 
encouragement, support and many sacrifices. 
iii 
TABLE OF CONTENTS 
Chapter Page 
I. INTRODUCTION 1 
II. LITERATURE SURVEY •• . . . .. 4 
III. OBJECTIVE FUNCTION FOR OPTIMIZATION .• 7 
Cost Calculation for a Heat Exchange System • • 7 
Assumptions and Simplifications • • • • • • 10 
IV. OPTIMIZATION OF HEAT EXCHANGERS ••• 13 
Shell and Tube Heat Exchanger Design. 14 
Determination of Optimum Outlet-Water Temperature • 19 
Fibonacci Search Technique. • • • • • • • • 21 
Procedure~ . . . . . . . . . . . . . . . . . . . . 21 
V. OPTIMIZATION OF A HEAT EXCHANGER SYSTEM FOR A FIXED 
VI. 
SYSTEM CONFIGURATION • • • • • • • • • • • • • • • • • 29 
Formulation of Optimization Problem • • • • • • • 29 
Modified Simplex Method • • • • • • • • • 32 
OPTIMAL SYNTHESIS OF A HEAT EXCHANGE SYSTEM. 40 
Graphical Representation of a Stream System • 41 
Syntheeiis of H~at Exchange System by Graphical 
Analysis. . . . . . . . . . . . . . . . . . . . 50 
Optimal Synthesis of Heat Exchange System • • • • • • • 63 
Procedure. . . . . . . . . . . . . . . . 63 
VII. OPTIMIZATION OF A HEAT RECOVERY SYSTEM IN A DISTILLATION 
PROCESS. • • • • • • • • • • • • • • • • 7 2 
Problem Statement • • • • • . • • • 
Synthesis of System Configuration by Graphical 
Analysis. . . . . . . . . . . . . . 
Formulation of Optimization Problem • 
The Computer Program. • • • • • • • • 
Main Program • • • • • • • 
Subroutine SYSTM • • 
Subroutine CONST • • • • • • • • • • • • • • • • • 












Subroutine FUNC •. 





Subroutine TMTD •. 
Subroutine FNSP .• 
Subroutine EXCOS • 
Subroutine WATER • 
Subroutine STE.AM • 








• • • • 97 
97 
98 
. • . . 98 
98 
98 
• • • • • 99 
. . • • • • 100 
. . 100 
. . . 103 
• . . • • 105 
LIST OF 'rABLES 
Table Page 
I. Fibonacci Numbers ••••• 22 
II. Interval of Uncertainty in Fibonacci Search •• 22 
III. Data for Two Example Streams . . . . 45 
IV. Example Stream Data. . . . . . . . . 46 
v. Example Stream System I. . • 51 
VI. Example Stream System II . . . . . . 64 
VII. Stream Data 1. . 74 
VIII. Stream Data 2 .. 75 
IX. Heat Transfer Coefficient and Fouling Factors •• 76 
x. Data for Cost Calculation. • • • • 76 
XI. Data for Individual Heat Exchanger Design. 86 
XII. Optimum Design and Cost of Heat Recovery System 
(Configuration 1). • • • • • • • • • • • • • • • • • • • 102 
Yi. 
LIST OF FIGURES 
Figure 
1. Initial Interval Elimination. 
2. Interval Elimination at K-lth and Kth Step. 
3. Final Interval Determination. 
4. Logic Diagram for Fibonacci Search. 
5. Heat Recovery System in a Distillation Process. 
6. Reflection, Expansion, Contraction Operations in the 
Nelder and Mead Algorithm (Two Independent Variable 
Case) • • ~ • . . . • • • • • . . • . • • 









8. Temperature Enthalpy Flow Rate Diagram (T-H Diagram). • 43 
. 
9. Temperature Heat Capacity Flow Rate Diagram (T-C Diagram) • • 43 
10. Representation of the Change of Stream Condition 
During the Process •....•••..••••• 
11. Representation of the Change of Stream Condition 
During the Process. 
12. T-H Diagram •• 
13. T-C Diagram . . . . . . ' . . 
14. Phase Change of Single Comportent Stream . 
15. Phase Change of Single Component Stream . . 
16. Phase Change of Multicomponent Stream . 
17. Phase Change of Multicomponent Stream 
18. T-H Diagram , 






. . . . 47 







20. Synthesis of a Heat Exchange System by T-H Diagram. . 55 
. 
21. Synthesis of a Heat Exchange System by T-C Diagram. . 55 
22. Feasible Matching . 56 
23. Feasible Matching 56 
24. Infeasible Matching • 56 
25. Infeasible Matching • 56 
. 
26. T-H Diagram of Stream System (A and B, are in Temperature 
Contention) . . . . . . . . . . . . . . . . . . . . 59 
27. T-C Diagram of Stream System (A and B, are in Temperature 
Contention) . . . . . . . . . . . . . . . . . . 59 
. 
28. T~H Diagram for a Heat Exchanger System. with Split Stream 60 
. 
29. T-H Diagram for a Heat Exchanger System Without Split Stream. 60 
. 
30. T-C Diagram for a Heat Exchanger System with Split Stream • . 61 
. 
31. T-C Diagram for a Heat Exchanger System Without Split Stream. 61 
32. Flow Sheet of a Heat Exchange System with Split Stream. . 62 
33. Flow Sheet of a Heat Exchange System Without Split Stream 62 
. 
34. T-C Diagram for Determination of Limit Temperatures and 
Temperature Contention. • . . • • . . • . • 67 
35. Synthesis of Heat Exchange System by Temperature-
Heat Capacity Flow Rate Diagram Analysis. • 68 
36. Heat Exchange System Configuration of Example Problem . 70 
37. Distillation Column 73 
. 
38. T-C Diagram of Heat Recovery System . 77 
39. Synthesis of Heat Recovery System (Configuration 1) 79 
40. Flow Sheet of Synthesized Heat Recovery System (Configuration 
1) . . . . . 80 
viii 
Figure Page 
41. Synthesis of Heat Recovery System (Configuration 2) 81 
42. Synthesis of Heat Recovery System (Configuration 3) . . 82 
43. Flow Sheet of Heat Recovery System (Configuration 2) . . . . 83 
44. Flow Sheet of Heat Recovery System (Configuration 3) . . 84 
. 
45. T-H Diagram for a Shell and Tube Exchanger (Cold Stream 
to Shell Side and Hot Stream to Tube Side). . . . . . 90 
46. T-·H Diagram for a Shell and Tube Exchanger (Cold Stream 
to Tube Side and Hot Stream to Shell Side). 90 
47. Logic Diagram of Subroutine SYS TM . 92 
48. Logic Diagram of Subroutine CONST . . . . . . . 93 
49. Logic Diagram of Subroutine FIBON . . . . . 94 
50. Logic Diagram of Subroutine FUNC. . . . . 95 
51. Logic Diagram of Subroutine HEX CH . . . . . . . . . 96 
52. Logic Diagram of Subroutine FNSP. . . . . . 99 
ix 
A, A., A 
l. 0 
a, b 
. . . 
c, c ' c a av 














- Area of heat exchanger, inside the 
tube, outside the tube; ft 2 
- Cost constants 
- Constraint boundaries of Kth 
interval in Fibonacci.search 
- Heat capacity flow rate; artificial 
heat capacity flow rate, average 
heat capacity flow rate; Btu/hr°F 
- Unit cost of steam, water, $/lb 
- Fin efficiency 
- Capital cost of a heat exchanger, a 
heat exchanger system, $ 
- Configuration correction factor of 
a heat exchanger 
- Enthalpy flow rate; Btu/hr 
- Speeific enthalpy of a stream, 
Btu/lb, or Btu/lb-mole 
- Latent heat rate, Btu/hr 
- Heat transfer coefficient inside 
the tube~ outside the tube, 
Btu/ft2hr°F 





m,m s w 









(TACO) , (TACO) 
s 
u 
- Interval of uncertainty after Kth 
trial in Fibonacci search 
- Log mean temperature difference, °F 
- Mass flow rate of stream, lb/hr 
or lb-mole/hr 
- Mass flow rate of steam, water, lb/hr 
- Mean temperature differe~ce, 
condensing, subcooling; °F 
Number of shells in series in a 
shell and tube heat exchanger 
- Total number of variables 
- Heat duty of a heat exchanger, 
condensing, subcooling; Btu/hr 
-.Fouling factor, inside the tube, 
2o outside the tube; ft F hr/Btu 
- Annual cost of steam, $/yr 
- Artificial temperature differe~ce,°F 
- Shell side temperature, inlet, 
0 outlet; F 
- Tube side temperature, inlet, outlet; 
- Temperature of cold stream, hot 
0 stream; F 
- Total annual cost of a heat exchanger, 
a heat exchanger system; $/yr 
- Overall heat transfer coefficient, 
Btu/hr f t 2°F 
xi 
WCOST - Annual cost of water, $/yr 
Mi . . Kth . 1 f s point in interva o 
uncertainty in Fibonacci search 
x x x x x cen' con' exp' ref' worst - Centroid point, contracted point, 
expanded point, reflected point, 
worst point 
Greek Letters 
- Annual rate of depreciation 
e - Operating hours, hr/yr 
- Latent heat of condensation, Btu/lb 
T - Preselected tolerance of solution 
Subscripts 
c - Cold stream 
h - Hot stream 
s - Steam 
w - Water 
F - Feed 
T - Top product 
B - Bottom product 
H - Heater 
Cl, C2 - Cooler 1, Cooler 2 
i Initial 




Large amounts of heat are both used a:nd given off in chemical 
process plants. It often happens that a large amount of heat is required 
at the beginning of a process to bring the process streams to reaction 
conditions and that a large amount of heat must be removed from the 
reactor or from the product streams to keep the products stable or 
subcool them for storage, shipping or .further processing. In distilla-
tions, a great deal of heat is needed to provide the vapor phase and 
almost as much heat must be removed in the condensers. In the past, 
it has been common practice to provide the heat required by a furnace, 
either directly or indirectly through the use of steam or hot oil from 
the furnace, and to remove the heat by water or air cooling in heat 
exchangers. 
However, with the increasing cost of energy in all forms, it is 
of great interest to try to recover as much of the heat as possible 
from the heat rejection steps of the process and recycle it into the 
process at the heat addition points. There are a number of alternatives 
to consider for recovering heat. The specific method chosen will depend 
on the particular requirements of the process under consideration, 
pressure and/or temperature level of the available heat source, and 
economic considerations. 
1 
In this study, the chosen method is to provide a heat exchanger. 
in whi.ch a hot stream to be cooled and a cold stream to be heated are 
allowed to exchange heat. 
2 
The cost of a heat exchanger system depends not only on the pair-
ing and sequencing of streams exchanging heat, but also on the amounts 
of supplemental heating and cooling used. Capital cost is roughly 
a function of total heat exchanger area while the operating costs are 
primarily a function of supplemental utilities costs. Exchanger area 
increases with increased recovery of heat and with decreased utilities 
requirements, so optimum design of a heat exchanger system involves 
an economic optimization. Optimization of a heat exchanger system 
includes the synthesis of the heat exchange system, i.e. optimizing 
the network structure of heat exchangers as well as the allocation of 
heat duty to each exchanger in the structure. 
Therefore, optimization of the heat exchange system is essentially 
a three stage problem: opttmization of heat exchangers, optimization 
of heat exchange system for a fixed system configuration, and optimal. 
synthesis of heat exchange system. 
In this study, methods which are applicable to each stage of 
optimization are introduced. The objective function for optimization 
of a heat exchange system is formulated in Chapter III. Optimization 
of heat exchangers is discussed and the Fibonacci search technique 
is introduced for the optimum design of a water cooler in Chapter IV. 
Optimization of a heat exchanger system for a fixed system configuration 
is discussed and the modified simplex method (modified form of Nelder 
and Mead algorithm) is introduced in Chapter V. Optimal synthesis of 
heat exchange system is developed by graphical analysis of a temperature-
3 
enthalpy flow rate diagram and a temperature-heat capacity flow rate 
diagram in Chapter VI. Finally, a heuristic computer-oriented method-
ology for optimizing heat recovery system ~n a typical distillation 




A heat exchange system is one of the most connnon.engineering 
systems employed in industrial processes. Several authors have used· 
the methods of calculus to optimize heat exchanger trains. McAdams 
(23) considered the problems of determining the optimum amount of water 
for condensers and coolers and of determining the optimum amount of 
heating in the system where two hot streams and one cold stream are 
involved. TenBroeck (36) considered the situation in detail for a 
stream being preheated in a battery of exchangers by setting up a 
series of simultaneous partial differential equations and solving by 
trial and error for the optimum area for each exchanger. Whistler (38) 
discussed the use of "heat pictures" for facilitating such calculations. 
Plots of temperature versus heat content of various streams enable 
possible combinations to be set up consistent with a heat balance. 
Happel (12) gave a comprehensive derivation of.the equations and 
tabulated the solution of the problem to optimize the outlet tempera-
ture of a waste heat exchanger followed by water cooling. 
In 1961, Westbrook (37) applied dynamic progrannning to the optimi-
zation of a train of five exchangers and a furnace used to preheat the 
feed to a pipe still. Fan and Wang (9) applied the discrete maximum 
principle to the same problem. 
4 
In 1965, Hwa (14) discussed the synthesis of a heat exchange 
system, optimizing the network structure of a heat exchanger system 
5 
as well as the allocation of heat duty to each exchanger, introducing 
separable programming. Bragin (4) used both the maximum principle and 
dynamic programming to optimize the heat allocation and the sequencing 
of the hot streams in feed preheat trains similar to the one studied 
by Westbrook. 
Kesler and Parker (18) proposed a method of finding the optimal 
network of heat exchangers using an assignment algorithm to maintain 
the feasibility and a modified linear programming algorithm in 
which stream heat loads were divided into discrete heat elements in 
order to linearize the objective function .. 
The synthesis of heat exchange systems has also been studied in 
the work of Rudd and his coworkers (21,22) on theoretical lines 
using the synthesis of th.e system structure which they have developed 
to handle general synthesizing problems. Masso and Rudd (22) presented 
a heuristic approach·in which the network was structured exchanger by 
exchanger and new stream matches were assigned by rules of thumb or 
"heuristics." Weighting functions were associated with each heuristic 
at each stage to build up experience on heuristic selection and thus 
move .towards an optimal solution. Lee et al. (21): used the branch and 
bound theory for the systematic synthesis of heat exchanger systems 
under the condition that a stream cannot be used in more than one 
place at the same time. Kobayashi et al. (19) proposed a systematic 
way of synthesizing an optimal heat exchange system in which they 
formulate the problem as an optimal assignment problem in linear 
programming, and carry out the optimal design of the synthesized 
system by the complex method (3). Nishida et al. (26) discussed 
necessary conditions for the optimal structure of a heat exchanger 
system with the mimimum heat transfer area employed as a criterion . 
to express efficiency of the system; on the basis of the necessary 
conditions obtained they proposed an algorithm to synthesize heat 
exchange systems with auxiliary heating and cooling equipment. 
6 
Hohman (13) tried to use temperature-enthalpy diagram in synthe-
sizing heat exchange networks to avoid guideless combinatorial synthesis 
problems of network designs. 
Most recently Pho and Lapidus (29) derived a compact matrix 
representation of an acyclic exchanger network. Based on this matrix, 
a decision tree diagram is constructed whose nodes will encompass all 
the feasible networks of a~yclic and nonsplit streams. This reduces 
the synthesis problem into a tree searching problem where one seeks 
to locate a node with minimum cost. 
Most of the above authors.simplified the problem to avoid the 
complexity of the synthesis of heat exchanger systems. and to enable 
their method to work, and these methods are still far from being 
applicable to real world problems. 
CHAPTER III 
OBJECTIVE FUNCTION FOR OPTIMIZATION 
The objective function is a criterion function which the optimiza-
tion technique seeks to maximize or minimize. Since the ultimate 
objective concerns economics the objective function must represent the 
true economic incentives. In the optimization of a heat exchange 
system, the minimization of the total annual cost of heat exchange 
system will be our objective. 
Cost Calculation for a Heat Exchange System 
The main cost items to be considered are the following: 
A. Investment Cost of Heat Exchangers 
A number of factors influence the initial cost of heat 
exchangers. Exchanger area, material of construction, 
pressure, and type of exchanger will be the main factors 
affecting exchanger cost. 
In order to be reasonably accurate, heat exchanger cost 
estimation must be separated into costs of the rough component 
parts, and their manufacturing and assembly costs. Palen 
et al. (27) present an equation for the total cost of shell 
and tube heat exchangers composed of the costs of the component 
parts, and their manufacturing and assembly costs. 
7 
For a rough cost estimation, heat exchanger cost can be 
reasonably exprefilsed as a function of heat transfer area if 
8 
the material of construction, type of exchanger and.operating 
pressure are known. Peters and Timmerhaus (28) present graphi..,. 
cal correlations for purchased cost vs. exchanger area. More 
recently Guthrie (11) presented a "module technique" for 
making fast, reasonably accurate and consistent capital cost 
estimates. In his article,, he presented a graphical correla-
tion for FOB equipment cost vs. surface area for.floating 
head carbon steel heat exchanger.designed for 150 psi, and 
developed the capital cost calculation method with adjustment 
factors for the exchanger type, operating pressure, material 
and escalation and module factors. 
Therefore, total capital cost of a heat exchanger.EXCO 
is expressed roughly as 
EXCO = aAb (3-1) 
where a and b are constants. to be determined by the exchanger 
type, exchanger material, design pressure, module factor and 
current cost index. This relation may not give extremely 
accurate cost calculations 0 but it is very useful for a.fast 
and consistent capital cost estimate of heat exchangers for 
comparison purposes. 
B. Operating Cost 
Operating cost includes the cost of·the utility he~ting 
or cooling streams. For the cases of water cooling and steam 
heating, the cost of water and steam can.be calculated on the 
basis of unit cost and total amount of utilities required. 
Annual cooling water cos.t (WCOST) and heating steam cost 
(SCOST) can be calculated as 
WCOST = c .m • e w w 
SCOST = c .m • e 
s . ·s 
(3-2) 
(3~3) 
Pumping power cost will be proportional to the pressure drop 
of streams and to the amounts of fluid that must be pumped. 
C. Maintenance Cost 
The primary maintenance cost in heat exchangers is 
9 
cleaning of .fouling deposits. Maintenance cost also includes 
the cost of replacing any corroded components in the exchanger. 
Heat exchangers must be designed either to minimize 
the build up of fouling or at least to withstand the mechani-
cal effects of fouling as it does develop and·to have excess 
area to keep working at fouled condition .as long as process 
conditions are met. 
The tube material used will in some cases not only influ-
ence fouling but also, in corrosive services, determine the 
life of the exchangers. 
Maintena~ce cost should include the cost of lost produc-
tion during the shutdown period necessary for maintenance. 
D. Investment Cost of Interconnections 
Interconnections include piping, pumps, valving, insula-
tion, and instrumentation to control stream temperatures or 
rates. 
10 
The design and cost importance of these interconnection 
elements can.be a significant part of heat exchange systems 
in which different and sometimes widely separated units are 
highly integrated with regard to process stream heat exchange 
for heat recovery. The cost associated with the interconnec-
tion elements is difficult to determine but some .consideration 
must be given to it if different heat exchange system configu-
rations are to be equitably compared. Generally, piping and 
other costs will be relatively higher for system configurations 
involving more heat exchangers, but operational flexibility 
will be greatly improved. 
Assumptions and Simplifications 
Generating a meaningful cost function as a basis for heat exchange 
system optimization is extremely difficult, as some of .the above impor,.-
tant cost factors have too much uncertainty to be expres.sed in reason-
able mathematical terms. Specifications of uncertain accuracy in 
details can be worse than having none as they can easily lead to a false 
and misleading pseudo-optimum. 
On the other hand, too many assumptions and simplifications will 
cause the final solution to be far from the real world problem and be 
useless. Hence reasonable assumptions and simplifications of the cost 
function of a heat exchange system have to be made to enable the cost 
calculations to be made. 
Since fouling and plugging cause the pressure drop to rise rapidly 
and possibly cause a premature shutdown, designers usually sacrifice 
the effect of pressure drop on economics. Usually, the allowable 
11 
pressure drop is rigorously specified and is not a design variable. 
The dimensions of the.tube are also usually specified so that the 
designer may vary the number of passes to approach the. desired pressure 
drops. Usually process cooling water is supplied under sufficient 
pressure so that no pumping power cost calculations are necessary for 
water. Thus power cost will not be.included i~ the objective function. 
Maintenance cost of heat exchangers and capital cost of inter-
connections have so much uncertainty that it would be very difficult 
to include them in our objective function formulation. But it is 
desirable to include an estimate when the data are available, or they 
should be considered in final design stage. 
Therefore, for this problem, the objective function for a heat 
exchanger system will be the total annual cost including amortized 
annual capital cost and heating and cooling utility cost. If steam 
and water are used as heating and cooling utilities respectively, the 
total annual cost of the system (TACO)s can be expressed as 
(TACO) s = 8 • l: (EXCO). + l: { 8 • (EXCO). + (WCOST).} 
i l j J J 
+ l: { 8 • (EXCO)k + (SCOST)k} 
k 
(3-4) 
h . . d k d h b f . th h f were i, J, an · enote t e num ers o i exc anger o process 
.th 1 d kth h t• 1 streams, J coo er, an eater respec ive y. 
The following assumptions will be made to simplify the optimiza-
tion problem. 
1. Shell and tube heat exchangers are to be used in the systems to 
be considered. 
12 
2. Cost of the heat exchangers will be related to the number of 
shells and exchanger area as 
b EXCO = N•a• (A/N) (3-5) 
3. Overall heat transfer coefficient U is assumed to be constant, 
not changing with the temperature and design during the 
optimization calculation. 
CHAPTER IV 
OPTIMIZATION OF HEAT EXCHANGERS 
Optimization of heat exchangers has been a very popular topic in 
the chemical engineering field. Many authors have proposed optimiza-
tion techniques. 
Recently Tarer et al. (35) developed a computer program for the 
optimum design of heat exchangers without phase changes, considering 
the objective function as the total cost (including amortized exchanger 
cost based on heat exchanger area) and operating cost based on pumping 
cost and utility cost. First, optimization was begun by using the 
Lagrange multiplier technique, which was originally used by Cichelli 
and Brinn (6) and the final optimization was performed for the discrete 
standard equipment sizes surrounding the continuous optimum. 
A most notable work was done by J. W. Palen et al. (27). They 
used the Box Complex Method (3) in designing optimum shell and tube 
exchangers, considering the objective function as the minimum initial 
cost of a heat exchanger based on detailed design variables for a given 
fixed process condition and allowable pressure drops. The optimization 
procedure for shell and tube exchangers can consider details like 
shell diameter, tube diameter, tube length, tube pitch, baffle spacing, 
baffle cut and number of tube passes. 
In the present study of optimization of heat exchanger systems, 
sophisticated optimization of individual heat exchangers is not 
13 
14 
performed. The simplifying assumptions in formulating the objective · 
function in Chapter III eliminate the necessity of optimization of · 
individual heat exchangers except in the case of water coolers. As 
the capital .cost of a heat exchange system is assumed to be only a 
function of the number and the areas of the heat exchangers, the heat 
exchangers are uniquely designed rather than optimized by the process 
specifications except in the case of water coolers. For water 
coolers, the total annual c;:ost.is the sum of the annual cost of water 
and the capital cost and an optimum has to be formed between the two 
limiting conditions: much water and small surface area or·little 
water and large surf ace area. 
In this chapter, the procedures for designing shell and tube 
heat exchangers and optimum water coolers .will be discussed. 
Shell and Tube ;Heat Exchanger Design 
The shell and tube exchanger is selected here because.of its 
universality and because of the availability of design procedures. 
Bell (1) describes the design procedure in detail. The design proce-
dure will be briefly outlined here. 
A. Selection of the Basic Configuration 
1. In a shell and tube unit in sensible heat transfer service, 
the first important decision is which fluid goes to which 
side.. The fluid which is .corrosive, or fouling, or at 
high pressure goes to the tube side. In conflicting 
cases, for example, one fluid is fouling and the other is 
corrosive, no hard and fast rules can be set; the decision 
must then be made by a cost comparison between the two 
cases. 
15 
2. Another decision which must be made is whether extended 
surface is to be employed or not. Extended surface in a 
shell and tube exchanger means low fin tubes to give a 
few-fold in.crease in the.shell-side area, the goal being 
to make 
h A Ef ~ hiA. 
0 0 ]. 
(4-1) 
3. Multishell arrangements are frequently necessary in large 
scale process applications. The purely series arrange-
ment is mainly useful when (a) the single shell with 
multiple tube passes gives too low a value of F, the con-
figuration cor+ection factor on the LMTD, or (b) there 
are limitations on shell len,gth and/or diameter, requiring 
the total area to be disposed in more than .one shell. 
The purely parallel flow arrangements are mainly used 
when pressure drop limitations (coupled with diameter 
and baffle spacing limits) force a reduction in shell 
side velocity. 
B. Estimation of Requi+ed Area 
Once Q, MTD, and U are known, the area can be easily 
calcula te.d from 
A = .._,.._Q......,... 
U(MTD) (4-2) 
In, the case of a condenser with subcooling, to avoid uncer-
tainties of the two-phase behavior it is preferable to design 













1. Calcul.ation of Q 
16 
(4-4) 
The calculation of the duty is relatively straight-
forward if the thermodynamic data are·available. For 
sensible heat transfer, the specific heat at process con..;. 
dition is required; if not known, it may be estimated 
with sufficient precis!on for all but the most extreme 
conditions or unusual. compositions.· Then: 
Q = m C (T -T.) 
p 0 1 (4-5) 
For boiling and condensation, the latent heat is required: 
Q = :m ;;\ (4-6) 
This is less easy to estimate than the specific heat, 
especially when mixtures are involved. The most complex 
case of .all is. cond.ensation of a mixture because then 
vapor-liquid equilibrium data and vapor and liquid 
enthalpies as function of composition are·required. 
In an exchanger with more than one mode of heat transfer 
occurring (e.g., a condenser with subcooling), the heat 
duty for each process should be separately computed 
to give some feel for the nature of the problem; whether 
or not the separate duties are actually required for 
the design calculation is dependent upon the service, 
the configuration, anq the particular design procedure. 
(4-7) 
Q = m C (T -"T ) 
s p c. 0 
(4-8) 
For accurate thermodynamic property calculation OSU PAS 
system (7) can be used conveniently. 
2. Calculation of MTD 
The LMTD can be readily be calculated from the: 
terminal temperatures for the countercurrent case 
LMI'D = 
(T -t )-(T -t ) 
i 0 0 . i 
( 




The value of the configuration correction factor for 
N shells in series and 2N or more tube passes can be 
obtained from the terminal temperatures if a chart for · 
the configuration is available, or it can be calculated 
by the following relations by Bowman et al. (2). 
where 
£.n ( 1-Px_ \ 
-' (R2+1)~ ·1-RPx l 
F - R -l ( 2/P -1-R+ (R2+l.) ~ '1 
£.n (~-x-~-~-- ~ 











p 0 i (4-12) = 
Ti-ti 
T -T 
R i 0 (4-13) = t -t. 
0 l 
N is the total number of shells in series. 
If R = 1 
1-P 
F = x 1 . "2 
(
2/P -1-R+, (R2+1) l 
Q,n . x 
' 1 




p =---x N-NP+P (4-15) 
At the design stage, the number of shells in series, 
N, is unknown and the above.equations must be solveq for 
such N for which F .:::_ 0.80 by trial and error calculation. 
The mean temperature difference MTD is 
MTD = F(LMTD) (4-16) 
3. Estimation of U 
The step with the greatest uncertainty in the pre-
liminary calculations is estimating the overall heat 
transfer coefficient. The value of U can be built up 
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Determinat~on of Optimum Outlet-Water 
Temperature 
(4-17) 
In using water as the cooling medium for a, give~ duty, it is· 
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possible to circulate a large quantity of water with a small tempera-
tu re range or a .. smaller quantity with a larger range. The temperature· 
range of the water naturally af~ects the.LMTD. If a large quantity is 
used, the outlet water temperature will be far from the process _streqm 
inlet temperature and less surface area is required as a result of 
the large LMl'D and F. Although this will reduce the original invest-
ment and fixed charges, si~ce depre~iation ar:td maintenance will also 
ordinarily be smaller, the operating cost will be increased owing to 
the greater quantity of water. It is apparent that there mus_t be an 
optimu~ between the two conditions: much water and small surface 
area or little water and large surface. In the following it is 
assumed that the line pressure on the water is sufficient to overcome 
the pressure drop in the exchanger and that the cost of water. is re-
lated only to the amount used. The total annual cost of the cooler 
will be the sum.of the annual cost of water and fixed charges, which 
include maintenance and depreciation.. Therefore the total annual 
cost will be 




= Q c .· (t -t ) 
p,.w w,o w,i 
Q 
A . = -U-· F__,...(LM..._: _T_D,...) 
e annual operating hours 
C water cost. per.lb w ' m 
o : annual rate of depreciation (e.g. 0. 2) 
N number of shells 




The calculation of·U, F, LMTD were shown in Equations (4-17), (4-10), 
and (4-9). 
Assuming U does not. change and keeping all temperatures constant 
except t ··the outlet water temperature, then LMTD, F, and N are 
W;O 
functions of tw,o only, .and consequently the heat exchanger area, A is 
only a function of t • Finally the total annual cost function w,o 
expressed as Equation (17) depends only on t outlet water tempera-
w ,o' 
ture. 
The optimum condition will oc~ur when the total annual cost is 
a minimum; thus this problem is the,minimization problem of a single 
variable; nonlinear function subject to constraints. 
When water is employed as a heat transfer medium, fouling from 
water of average mineral and air content tends to become excessive at 
water temperatures higher than 120°F. Consequently, an outl.et water 
temperature above 120°F is avoided and 140°F is usually quoted, maximum. 
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Minimiz.e TACO(t ) w,o 
subject to t . < t < .· 120°F 
w,1 - w,o. 
The optimum outlet water temperature and minimum annual cost of a 
water cooler can be found by a computer program using the Fibonacci 
search technique. 
Fibonacci Search Technique 
This search technique finds the minimum of a single variable, 
nonlinear function ~ubj.ect to con.straints: 
Minimli.ze F (x) 
I 
where a1 and b1 are constraints 
Procedure 
The procedure is an interval elimination search method. Thus, 
starting with th~ original boundaries on the independent variable, 
the interval in which the. optimum :value of the function occurs is 
reduced to some final value, the magnitude of which depends on the 
desired accuracy. The location of points for function evaluations is 
based on the use of positive integers known as the Fibonacc~ numbers 
(Table I). No derivatives are required. A specification of the 
desired accuracy will determine the number of function evaluations 
req~ired,. The number of function evaluations and the interval of 
uncertainty are shown in Table II. A unimodal function is assumed. 
Thus the use of multiple _starting points is recommended if a multi-
modal function is suspected. The successive interval el:i,mination 
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Figure 2. IntervathElimination at K-lth 




diagram for Fibonacci search is shown in.Figure 4 on page 28. The 
algorithm proceeds are as follows: 
1. Designate the original search interval as L1 with boundaries 
a1 and b1• 
2. Predetermine the desired accuracy a which is the ratio of 
the final interval to the original search interval. Determine 
the number, N, of the required Fibonacci numbers (equals 




where FN is called a Fibonacci number. 
3. Place the first two points, x1 and X2 (X1 < x2), within L1 




4. Evaluate the.objective function at x1 and x2• Designate the 






X* is the location of the optimum 
~ is mid point in the new interval at which 
the value of function is known 
5. The new search interval is given by 
FN-1 





6. Place the third point in the new 12 subinterval symmetric 




7. Evaluate the objective function F(X3), compare with the 
function for the point remaining (X~) in the interval and 
reduce the interval to 
(4-35) 
8. The process is continued per the preceding rules for H 
iterations. The general equations are 
F 
R, = N-(K+_l.)_ L 
K FN-(K-1) K 
(4-36) 
(4-37) 
(symmetric about mid point) 
FN - (K-1) 
L = L 
K FN 1 
(4-38) 
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Evaluate the objective function at ~ and ~+l and designate 
the functions as F(~) and F(~+1). Narrow the search 
interval as Figure 4. 
. <X* <b aK+l - . - K+l 
where 
The new interval is 
for F(vM) < F(X ) '1z K+l 





9. After N-1 evaluation and discarding the appropriate interval 
at each step, the remaining point <X:_1) will be precisely 
in the center of the remaining interval (Figure 3). Thus 
point ~ is also at the mid point and is replaced by a point 
perturbed some small distance E to one side or the other of 
the mid point. The objective function is then evaluated and 
the final interval where the. optimum is located is thus 
determined 
a.. < X* < b · 
~ . N 
-r-----..LN-2----~~ 
XN-1 bN-2 




Place First Two Points 
Evaluate Objective Function(s) 
at the Point(s) and 
Eliminate Improbable Region 
Place New Point in Search Interval 
Symmetric about Mid-Point with Respect to 
Point Remaining in Interval 
Move e-Distance to One Side of 
Mid-Point and Evaluate Function 
Calculate Final Interval 
No 
Figure 4. Logic Diagram for Fibonacci Search 
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CHAPTER V 
OPTIMIZATION OF A HEAT EXCHANGER SYSTEM FOR A 
FIXED SYSTEM CONFIGURATION 
For a heat exchanger system with a given process configuration, 
the optimization is based on the determination of the optimum terminal 
temperatures (and consequent amount of heat transferred and heat ex-
changer areas) ·that will result in minimum total annual cost. 
Optimization of this kind is not easy, because most heat exchange 
systems are composed of many heat exchangers connected in a complex 
fashion._ 'r'he size _and the complexity of the problem ,make it very 
difficult to attain the optimum design by the conventional techniques. 
Many kinds of optimization techniques have been applied by several 
authors, but most of them simplified the problem too much to be appli:- -
cable to design of actual heat exchange systems. 
The modified simplex technique (a form of the Nelder and Mead 
algor~thm (25), modified by this author) is used here _successfully 
to minimize the total annual cost, which is a multivariable, nonlinear 
function subject to nonline~r inequality constraints. 
Formulation of Optimization Problem 
In the typical distillation system like Figure 5, the feed stream 
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column while top product and bottom product streams are to be cooled 
to specified temperatures for storage. For a given configuration. of 
the heat exchanger system, our object is to minimize the total annual 
cost by designing the sizes of the exchangers and allocating the heat 
duty of each exchanger optimally. 
By the objective function formulation in Chapter III the total 
annual cost of this heat recovery system will be the sum of the 
amortized annual cost of the heat exchangers including coolers and 
steam heater and the cost of water and steam consumed for a year. 
The total annual cost of this system, (TACO) , can be expressed as 
s 
follows: 
(TACO) s = o • (EXCO, + EXC02 + EXCOCl + EXCOC 2 + EXCOH) 
+ (C .(m Cl+ m C2 + C .m ). 8 w w, • w, s s 
(5-1) 
Heat exchanger cost was assumed to be a function of surface area only 
in Chapter III. It is assumed that shell and tube _heat exchangers can 
be designed for the given flow rates of streams, inlet and outlet 
temperatures both in shell side and in tube side, as described in 
Chapter IV. For a given heat duty and inlet. temperature of process 
stream, water-cooled exchangers can be designed optimally as explained 
in Chapter IV. 
If all the flowrates of feed, top product and bottom product 
streams are known and the temperatures TF,i' TF,f' TT,i' TT,f' TB,i' 
TB,f' Tw,i' and Ts are given, the unkn.own variables are T1 , T2 , 
T~, TZ' Tw,ol' and Tw,oZ (Figure 5). If T1 and T2 are determined, 
T1 and T2 will be found by heat balance in exchanger 1 and exchanger 
2 respective~y. For the calculated values of Ti and T2, Tw,ol and 
T 2 will be .determined by the optimum outlet-water temperature w,o 
calculation procedure described in Chapter IV. Therefore, all the 
exchanger areas and the amount of utilities can be calculated. 
Consequently, the total annual cost, the objective function to be 
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minimized, can be determined. In other words, the independent variables 
in thi$ system are T1 and T2 , or Ti and Ti, which determine the total 
annual cost. Therefore, optimization of heat recovery system shown 
in Figure 7 is reduced to the problem of finding values of T1 and T2 
which give the minimum value of TACO. 
This problem is the minimization of a multivariable, nonlinear 
function subject to constraints. The optimum temperatures, T1 and T2 , 
and minimum total annual cost of this system can be obtained by a 
computer program using the modified simplex search technique, Using 
the same procedure more complicated heat exchanger systems with 
many heat exchangers can be optimized. 
Modified Simplex Method 
This method is to find the optimum of a multivariable constrained 
nonlinear function. The Nelder and Mead algorithm of the simplex 
method is to accelerate the simplex method of Spendly et al. (32) , 
and adapt itself to the local landscape, using reflected, expanded, 
and contracted points (Figure 6) to locate the minimum of a noncon-
strained multivariable nonlinear function. The algorithm adopted 
in this work is an extension of the Nelder and Mead algorithm into 
the multivariable "constraint" nonlinear function problem by the 
\• 
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Figure 6. Reflection, Expansion, Contraction Operations 
in the Nelder and Mead Algorithm (Two 
Independent Variable Case) 
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author. Unimodality is assumed and thus several sets of sta~ting 
points should be coni;;idered when the objective function is expected 
to be multimodal. The simplex method has a wide application since it 
does not make any assumptions about the objective function. except that 
the function should be continuous. Derivatives are not required. 
The logic diagram is shown in Figure 7. The algorithm proceeds as 
follows: 
1. A feasible starting point !,1 is selected. · 
X · = (X X X • •. 
-1 1,1, 1,2, 1,3, , xl ) ,n 
(5-2) 
"Feasible" means satisfying all the constraints. 
2. A starting simplex is constructed with n+l points consisting 
of a starting feasible point and n additional feasible points. 
They are generated by the values of the feasible starting 
point and initial .side length of the starting simplex as 
follows: 
X. = (X. l Xj 2 X. 3 • • • , X . ) 
-:J J ' ' ' ' J ' ' J ,n 
(5-3) 
where 
j = 2,3, ••. , n+l. 
and 
X .. =X1 .+.;j., J,1 ,1 ,1 i 
1,2, •••. , n (5-4) 
j = 2,3, n+l 
j .;. l .;. 2 .;. 3 ... .;. ··1,.;· J,, J,, J, J,n- J,n 
2 p ' q ' q ' 0-e e q ' q 
3 q ' - p ' q ' • • • q , q 
·_choose a Starting Point 




~--Y_e_s __ _..,8Stop _____ ,_~ _ N_o _ __, 


















Xcon,i = l/Z(Xcen,i-Xref,i) 
Calculate Contracted 
Point 
Xcon,i = l/Z(Xcen,i-Xworst,i) 
Best Point 
Worst Point Replaced 
by Contracted Point 
------8 
Figure 7. Logic Diagram of Modified Simplex Algorithm 
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4 q' q' p' ••• , q' q 
n q ' q ' q ' ... ' q ' q 
n+1.q ' q ' q ' ... ' q ' p 
a ( fn+'i + I).-1) p ="--
~~ 
(5-5) 
a ( Jn+l 1) q =-- -. .(2"ii_ 
(5-6) 
where 
ri: total number of variables 
a: side length of starting simplex 
3. Once the starting simplex is formed, the feasibility is tested 
at each point. The feasibility test checks whether the point 
satisfies all the explicit and implicit constraints. If 
there is any infeasible point among the,starting simplex 
points., the starting feasible point is moved or the side 
lertgth of the starting simplex is decreased to yield only 
the feasible points. 
4. The objective function is evaluated at each point and the 
worst and best points are selected. 
5. The centroid point of all the points (excluding the point 
having the worst value) is calculated from the following 
(see Figure 6): 
1 n+l 
X • = - [ E Xj • - X t . ] ce.n,1 n ,1 wars ,1 • j=l 
(5-7) 
where 
i 1,2,3, ... , n 
6. The. objective function is evaluated at the centroid point 
and a convergence test is performed, 
n+l, 
L [ { F(XJ. i) - F(Xcen i) } I (n+l) ]~ .2 T 
j=l ' ' 
where t is the preselected tolerance of the solution. 
7. A reflected point is located as follows: 




i = 1,2, ... , n 
x i" worst, 
(5-8) 
(5-9) 
8. The feasibility of the reflected point is tested and if 




i = 1,2, •.. , n 
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9. The objective function is evaluated at this reflected point, 
and if the reflected point has the worst objective function 
value of the current set of points, a contracted point is 
located as follows: 
x . cen,i x . - x . ] cen,i worst,i (5-11) 
38 
where 
i = 1,2, ... , n 
10. The objective function is now evaluated at the contracted 
point. If an improvement over the current values is achieved, 
the worst point is replaced by the contracted point and the 
process is restarted from step (5). 
11. If an improvement is not achieved, the current simplex 
is shrunk about the best point 
(X .. ) 
J, i new [ x_ t . + (X. . ) ld ] I 2 -oes , i J , i o (5-12) 
where 
j 1,2, n+l 
i 1,2, n 
and the process is restarted from step (5). 
12. At step (9), if the reflected point is better than the worst 
point but is not the best point, a contracted point is 
located as follows: 
X =12[X .-X f con,i cen,i re ,i (5-13) 
13. If the objective function at this contracted point is an 
improvement over that at the reflected point, the worst point 
is replaced by the contracted point; if not, the worst point 
is replaced by the.reflected point and the process is re-
started from step (5). 
14. At step (9), if the reflected point is the best point, an 
expanded point is calculated as follows: 




i = 1,2, ... , n 
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x . cen,i (5-14) 
15. If the.expanded point calculated in step (14) is infeasible, 
a new expanded point is calculated as follows: 
(X ) = !.: [ (X ) + X ] exp,i new 2 exp,i old ref,i (5-15) 
16. If the expanded point is an improvement over the reflected 
point, the worst point is replaced by the expanded point 
and the process is restarted from step (5). 
17. If the expanded point is not an improvement over the 
refelcted point, the worst point is replaced by the reflected 
point and the process is restarted from step (5). 
18. The procedure is terminated when the convergence criterion 
is satisfied or a specified number of iterations have been 
exceeded. 
CHAPTER VI 
OPTIMAL SYNTHESIS OF A HEAT EXCHANGE SYSTEM 
The most important facet of .the optimization of a heat exchange 
system is the synthesis of the system configuration. One can calculate 
the optimum parameters for a given system configuration by the opti-
mization technique developed already in the previous chapter. However, 
different system configurations give different optimum values of the 
objective function. What one wants to find is the optimum among 
the many optimum values of all the different system configuration. 
The ~irect way of synthesizing an optimal heat exchange system is to 
generate all the feasible system configurations, to optimize all 
the systems generated by that procedure and to select the system 
configuration which gives the final optimum. There are so many feasi-
ble system configurations that just generating the system configuration 
can be an enormous problem if recycle information flow streams and 
stream splitting are considered for more efficient heat exchange. 
Pho (29) attempted the decision tree approach to the synthesis 
problem using a compact matrix representation of an acyclic exchanger 
network. Based on this matrix, a decision tree diagram whose nodes 
encompass all the feasible networks of acyclic and nonsplittable 
streams is constructed. Then, optimization of all the feasible systems 
is necessary to determine the best system configuration. Therefore, 
40 
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rho's attempt cannot eliminate the basic combinatorial difficulty 
of the synthesis problem and cannot handle the system configurations 
with recycle information streams and split streams into branch streams. 
Hohman (13) suggested using temperature-enthalpy flow rate dia-
grams to visualize the effect of individual design decisions or changes, 
and he attempted to develop a synthesis method for a heat exchanger 
network. 
Kobayashi et al. (19) used temperature-heat capacity flow rate 
diagrams, and linear programming for the synthesis of the heat exchanger 
network for the crude preheater train problem. Therefore they could 
avoid the conbinatorial difficulty of the synthesis problem, but to 
make their method work they sacrificed the nonlinearity of the heat 
exchange system problems. 
Graphical Representation of a Stream System 
Graphical analysis is very useful in synthesizing heat exchange 
systems as well as in evaluating a given heat exchange system. Through 
graphical visualization, complex and intangible problems can be reduced 
to simple and concrete ones, 
For the graphical analysis, temperature-enthalpy flow rate diagram 
and temperature-heat capacity flow rate (or thermal capacitance) 
diagrams are very useful. Enthalpy flow rate is defined as the product 
of the enthalpy of unit mass of stream and the mass flow rate: 
H(Btu/hr) H(Btu/lb) x m (lb/hr) 
or 




Heat capacity flow rate (thermal capacitance) is defined as the product 





0 Cp(Btu/lb mole F) x m (lb mole/hr) 
0 • 




On the temperature-ertthalpy flow rate diagram (Figure 8), the vertical 
coordinate represents temperature, and the horizontal coordinate is 
enthalpy flow rate. 
On the temperature-heat capacity flow rate diagram (Figure 9), 
the vertical coordinate is temperature, and the horizontal coordinate 
is the heat capacity flow rate scale. Heat capacity flow rate is a 
line parallel to the horizontal coordinate, expressing the magnitude 
as the absolute length of the line between the two end points arbi-
trarily chosen for convenience. If the flow rate, temperature, and 
heat capacity flow rate or enthalpy flow rate of a stream are given, 
the state of a stream can be expressed as a point on the temperature-
enthalpy flow rate diagram (Figure 8) and as a line on the temperature-
heat capacity flow rate diagram (Figure 9) Typical example streams are 
given in Table III and they are represented both on the temperature-
enthalpy flow rate diagram (Figure 8) and on the temperature-
heat capacity flow rate diagram (Figure 9). 
If one plots the stream conditions at all the temperatures between 
inlet and outlet temperatures, one obtains a line connecting the inlet 
and outlet conditions on the temperature-enthalpy flow rate diagram 
(Figure 10), and one obtains a block on temperature-heat capacity flow 
rate diagram (Figure 11). If the heat capacity is known on the range, 
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Figure 8. Temperature E~thalpy Flow Rate 
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Figures 10 and llo Representation of the Change of Stream Condition During the Process 
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drawn by connecting the inlet and outlet condition points with a line 
on temperature-enthalpy flow rate diagram, or by connecting the inlet 
and outlet condition lines with two side lines on the temperature-heat 
capacity flow ra,te. diagram. For example, :if the heat capacity is con-
stant in that process range, the line on the temperature-enthalpy 
flow rate diagram will be a straight line connecting inlet and outlet 
points (Figure 10) and the block on the temperature-heat capacity flow 
rate diagramwill be a rectangle (Figure 11). 
TABLE III 
DATA FOR TWO EXAMPLE STREAMS 
Mass Average Average Temperature Enthalpy Enthalpy 
Flow Rate Specific Heat In Out Flow Rate Flow Rate 
lb moles/hr Heat Capacity In Out Change 
Btu/lb Flow Rate OF MMBtu/hr MMBtu/hr 
Stream mole .... °F Btu/hr °F 
1 1000 10 10,000 500 240 3.60 1.00 -2. 60 . 
2 800 25 20,000 280 480 2.50 6.50 4.00 
To specify the process direction of a stream arrow heads are 
drawn in Figures 10 and 11. Enthalpy flow rate changes of stream for 
process specification are expressed as the projected lengths of the 
lines on the horizontal coordinate on the temperature-enthalpy flow 
rate diagram and as the areas of the blocks on the temperature-heat 
capacity flow rate diagram because of the following relation 
= C (T -T ) av in out (6-5) 
where Cav is the avet:age heat capacity flow rate in the temperature 
range. 
Usually the specific heat of a stream in.the process increases 
with temperature increase as given in Table IV. In this case, the 
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change of stream conditions between 'inlet and outlet can be expressed 
as a curved line (Figure 12) or as ? trapezoid (Figure 13). 
TABLE IV 
EXAMPLE STREAM DATA 
Tempera- Mass Specific Heat Capacity Enthalpy Enthalpy Flow 
tu re Flow Heat Flow Rate Flow Rate Rate Change 
OF Rate Btu/lb °F But/hr °F MMBtu/hr MMBtu/hr 
lb/hr 
Inlet 50 10,000 0.555 5,550 1.206 
1.304 
Outlet 250 10,000 0.749 7,490 2.510 
Since the enthalpy scale is only relative, the absolute position 
is not important. The lines representing the streams may be shifted 
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Figure 12. T-H Diagram Figure 13. T-C Diagram 
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locate the stream regardless of the absolute value of enthalpy, main~ 
taining the inlet and outlet temperatures and the enthalpy flow rate 
change fixed. 
As the "heat capacity" of phase change is infinite, phase change 
can be expressed as a line parallel to the enthalpy flow rate 
coordinate in temperature-enthalpy diagram (Figure 14). On the 
other hand, it is impossible to represent the phase change on the 
temperature-heat capacity flow diagram without modification. 
What one wants to do with graphical representation is to visualize 
the stream temperature levels and enthalpy flow rate changes during the 
process. Therefore one can draw a line with a convenient arbitrary 
length to express the condensing temperature, parallel to the horizon-
tal coordinate and draw a block with dotted lines on the temperature 
level line of which the area corresponds to the amount of the latent 















heat capacity flow rate (arbitrarily 
for graphical representation) 
= latent heat rate 
(6-6) 
When the problem concerns phase changes of multicomponent streams, 
the graphical representation can be done on temperature-enthalpy 
flow rate.diagram as Figure 16, but it is a little awkward on the 
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Figures 16 and 17. Phase Change of Multicomponent Stream. 
specify the bubble point and dew point te~perature levels as in 
F:i,gure 17. · 
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The "stream system''. is defined as the combinati9n of the given 
process streams. The number of streams to be cooled or heated, flow 
rates, hea,t capacities or enthalpies, and initial and final tempera-
tures of the streams define and describe the stream system. A "hot 
streamn is defined as a stream to be cooled and.a "cold stream" is 
defined as a·stream to be heated reg.;irdless of their·initial tempe:ra-:-
tures. The stream system in. Table V can be visualized. on temperature-
enthalpy flow rate and temperature-heat capacity flow rate diagrams; 
Figures 18 and 19. To simplify graphical representati,.on, the average· 
specifi,.c he~t of each stream is used. 
On temperature-heat capacity flow rate diagrams of stream systems, 
hot streams. to be cooled are shown on the left.side.of the vertical 
axis and cold streams to be heated. on the right side to make it con""" 
venient to .compare the·temperature leve,ls of those two classes.of 
streams. 
Synthesis of Heat Exchange System 
by Graphical Analysis 
In the synthesis of heat ex~hange systems, one tri~s to minimize 
the thermodynamic.irreversibility of the.process (by keeping the. 
temperature difference as small as possible) and to maximize the amount 
of heat recovered. On the othe.r hand, one would like to keep the 
temperature difference-as large as possible in order to minimize _the 
size and cost of the heat exchangers. Obviously these are contradictory 
goals and. one has to _seek the economic optimum between them. 
TABLE V 
EXAMPLE STREAM SYSTEM I 
Stream State Mass Flow Temperature Average Average Enthalpy Flow 
Classification Rate T(°F) Specific Heat Heat Capacity R1ilte Change 
in(lb/hr) cp (Btu/ lb °F) Flow Rate AH(MMBtu/hr) • . . 0 
C. (Btu/hr F) 
fW 
Initial 200 
A (Hot) 300,000 0.5 150,000 -15.0 
Final 100 
Initial 350 
B (Hot) 100,000 0.8 80,000 -12.0 
Final 200 
Initial 500 
c (Hot) 267,000 0.75 200,000 -28.0 
Final 360 
Initial 70 




TABLE V (Continued) 
Stream State Mass Flow Temperature Average. 
Classification Rate T(°F) Specific Heat 
in(lb/hr) C (Btu/lb°F) p 
Initial 130 
E (Cold) 120,000 LO 
Final· 230 
Initial 250 

















By using graph~cal.representation one tries to construct all feasi-
ble he,at exchaQ.gers wit}) the largest driving forces possible. One· 
trieE! not .. to design .some exchangers with excessive driving forces. while 
making others have. small driving forces. If there are·several hot and 
cold streams, perhaps the best policy of matching the stream for heat 
exchange· is to· start with the highest temperature. )lot an.d cold streams 
in order,to·minimize the irreversibility of the process. 
One.feasibility criter,ion of heat exchange'between, a hot and a col9 
stream is that the.amount of .heat.to ·be ,gained in the cold stream and 
the amount, to be removed.from.the hot stream must .be·identical • 
. 
C (T -T .) = C (T -T ) av, c · c , o · c , 1 av, h . h, i h, o · (6-7) 
Heat exchange between.a hot and cold stream is indicated by assigning 
the same numbers to the hot and. cold lines or blocks. (Figures 20, 21). 
The areaE! in the hot and cold bloc~s have to be same to permit th;eir 
matching on the. temperature~heat capacity flow rate diagram. On tl)e · 
temperature-enthalpy flow rate diagram, cold stream, ot the ·hot stream 
moved over -.the co.ld stream or the hot stream to show the heat • exchange 
matching. The,projected lengths.of the lines onthe enthal,py flow rate 
cqord:inate of the two matching streams have .. to be the same. The example 
stream syst~m shown in Figures 18 and 19 ca,n·be matched as shown in 
Figures 20 and 21 •. 
Another feasibility criter:i,on of heat exchange between.cold and 
hot·streams is th;at tbe·temperature of hot·stream has to. remain higher 
thaQ. the, temperature of cold stream at all points during the heat 
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Figure 19. T-C Diagram 
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Figure 20. ·Synthesis of a.Heat Exchange 
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Figure 21. Synthesis of a~Heat Exchange 
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Figures 24 and 25. Infeasible Matching 
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higher than the outlet temperature of cold stream, 
(6-8) 
and the outlet temperature of the hot stream is higher than the inlet 
temperature of the cold siream, 
T > T 
h,o c,i (6-9) 
the criterion will be satisfied. 
The previous two feasibility criteria can be tested easily by 
the graphical analysis. Each of the two diagrams has its own 
characteristic conveniences. For example, for a multicomponent phase 
change over a large temperature range, the temperature-enthalpy flow 
rate diagram can be drawn reasonably, but the temperature-heat capacity 
flow rate diagram has some difficulty expressing the amount of heat 
available at temperature levels between bubble point and dew point 
temperatures. Eut the latter is preferable to the former in visuali-
zing the amount of h~at duty which is shown as the area, and is con-
venient for the synthesis of more complex heat.~xFhanger systems. 
On the temperature-heat capacity flow rate diagram, one can 
divide a block vertically or horizontally. Vertical dividing means 
stream splitting into branch streams, and horizontal dividing corres-
ponds to multiple heat exchange of a stream with other streams in 
series. 
If two or more streams of same kind are at the same temperature 
level, the streams are said to be in "temperature contention." 
That is, any one of them can deliver heat to the cold stream or 
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absorb heat from the hot stream by the same temperature difference 
driving force. , For the ranges in whi.ch temperature contention is 
present, all streams in contention are·required to transfer heat.with 
the same temperature driving force to minimize the~odynamic irreversi-
bility. 
An example of streams in·temperature contention is shown in 
Figures 26 and 27. Synthesis of a.heat exchange system for this 
example is shown in Figures 28 and 29 and Figures 30 and 31. In 
Figures 28 and 30 the cold stream is split into two branch streams 
and the ,system configuration is shown in.Figure 32. In Figures 29 
and 31 the hea.t exchanger system is synthesized.without splitting the 
cold stream and the system configuration is shown in Figure 33. In 
this e~ample, it is shown that the system structure synthesized by 
splitt:ing the cold stream into two branch streams does not require 
an additional cooler or heater while the other one needs two addi-
tional. exchangers to satisfy the system specification. It is obvious 
from this example that the system synthesized by splitting the 
cold stream into two b.ranch streams is better from a thermodynamic 
efficiency standpoint .than the one synthesized without splitting the, 
cold stream. 
Temperature contention of streams is easily found by graphical 
visualization of stream system. In cases where temperature contention 
exists, the possibility of stream splitting has to be considered in 
the synthesis of heat exchange system. 
With the above graphical analysis, one can easily synthesize 
the probable optimum system configuration by minimizing thermodynamic 








Figure 26. T-H Diagram of Stream 




Figure 27. T-C Diagram of Stream 










Figure 28. T-H Diagram for a Heat Exchanger System 








Figure 29. T-H Diagram for a Heat Exchanger System 
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Figure 30. T-C Diagram for a Heat Exchanger 
System,, with Split Stream 













Figure 31. T-C Diagram for a Heat Exchanger 
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Figure 32. Flow Sheet of a Heat Exchanger System 
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Figure 33. Flow Sheet of a Heat Exchanger 






recovered. But the final determination can only be made by the total 
cost calculations of the probable optimum system configurations. 
One can choose a few possible optimum configurations by the graphical 
analysis. 
Optimal Synthesis of Heat Exchange System 
The detailed procedure of synthesizing an optimal heat exchange 
configuration will be explained by solving the following example 
problem, using temperature-heat capacity flow rate diagram. 
Procedure 
1. Draw the temperature-heat capacity flow rate diagram of· 
stream system. 
2. Determine the limits of heating and cooling temperatures 
without additional heaters and coolers. The lower limit 
temperature is defined as the lowest temperature the 
hot stream can attain without additional cooling and the 
upper limit temperature is defineq as the highest tempera-
ture the cold stream can attain without additional heating. 
a. The lowest inlet temperature of the cold streams is 
the preliminary.lower limit temperature of the hot 
streams and the highest inlet temperature of the hot 
streams is considered as the preliminary upper limit 
temperature of the cold streams to be heated. 
b. Calculate total heat duties required for the hot and 
cold streams between the preliminary upper and lower 
Tl\nLE VI 
EXAMPLE STREAM SYSTEM II 
Stream State Mass Flow Temperature Average Av~rage Enthalpy Flow 
Classification Rate T(°F) Specific Heat Heat Capacity Rate.Change 





4 A (Cold) 1.6 0.9 1.44 x 10 2. 728 
Final 330. 
Initial 4 240 4 B (Cold) 2. 3 x ,10 0.5 1.15 x 10 2.990 
Final 500 
Initial 4 290 4 c (Hot) 2.8 x 10 0.6 1.68 x 10 -2.016. 
Final 170 
Initial 4 480 4 






(6-11) EAH ld = EC .AT. 
• CO • CJ J 
J J 
If EAHh <EAH ld , the upper limiting temperature of . ot. co . 
1. 1 J 
the cold streams that can be attained without additional 
heating is determined to make ~A~ot. = 
1 1 




If EAH_ >EAH ld, the.lower limiting temperature of 
. -noti. . co . 
1 J • J 
hot streams to be attained without additi.onal cooling 
is determined to make EAH ld = EAH_ t (between new . co . . -no . 
1 J 1 1 
temperature limits). In this example, preliminary lower 
limit temperature is 140°F and preliminary upper limit 
temperature.is 480°F. Within these limit temperatures, 
2.00 x 104 (480-280) + 1.68 x 104 (290-170) 




1.44 x 104 (330-150) + 1.15 x 104 (480-240) 
= 2.592 x 106 + 2.96 x 106 = 5.352 x 106 (Btu/hr) 
Therefore, 
ZAil >EAH 
. -not. . cold. 
1 1 J J 
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L~l\ - L~H ld = (6.016-5.352). x 106 = 
i ot1 j co j 
6.64 x 105 (Btu/hr) 
The lower limit temperature in this example can be found as 
= 170 + 6.64 x 105 = 
1.68 x 104 
209.5 
and· the upper limit .. temperature is same as the preliminary 
upper limit.temperature. These limit temperatures decide 
the temperature range to be considered and the minimum 
additional cooling requirement and minimum additional 
heating requirement of the heat exchange system. 
3. Find the temperature contentions of the stream system and 
divide the blocks in temperature contention horizontally 
at the point where the horizontal edges of the other blocks 
are located (Figure 34). 
4. Make matches of hot and cold blocks one by one starting from 
the highest temperature level. The feasibility criteria 
should be observed for every matching. Usually, if the 
areas are different between hot and cold blocks to be matched, 
the higher temperature portion of the larger block is taken 
to exchange heat with the smaller block, and the residual of 
the block is left for the next match •. This procedure is 
repeated until all the blocks are used up (Figure 35). 
Temperature.contention over a narrow temperature range should 
be ignored to avoid constructing an excessively complicated 
system structure. An additional heat exchanger can.be used 
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Figure 34. T-C Diagram for Determination of Limit Tempera-
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5. Draw a flow shee.t of . the synthesized system, as Figure 36. 
From.the above procedure, heat exchange systems can be synthesized 
bas.ed on the temperat~re levels in order to avoid infeasible matching 
and.to minimize thermodynamic irreversibilities, con~equeritly maximizing 
the total amount of heat recovered. 
The objective function for optimization of the heat exchange 
system is thetotal annual cost function of the:system as established 
in Chapter .III. This can be expressed as a nonlinear function of the 
temperatures of interconnecting stre~ms of the.heat exchangers if 
the other design variables are given •. Therefore, the temperatures of 
interconnecting streams, which are the levels of horizontal lines 
dividing .the blocks. on the temperature-heat capacity flow rate diagram, 
have· to be redecided .to include the .associated nonlinearities of 
the objective function by the.optimization procedure in Chapter V. 
As shown in Figure 36, there are eight known temperatures, t 1 , 
t 2 , t 3 , t 5 , T1 , T2 , T4 , and Tw,o to be dete.rmined. For the design 
of the system one also needs to determine the amount of cooling water 
and.heat]..ng steam required and the split of stream D. One can set seven 
energy balance equations for the six exchangers and the su)lllllation . 
point of the branch streams. Therefore if the three unknowns T1 , T2, 
t 2 , out of above eleven unknowns are aE?sumed; the seven energy balance. 
equations, and the ,optimization procedure for the optimum outlet 
water temperature determination, will determine all the other unknown 































Therefore, this problem reduces to a three variable, nonlinear 
optimization problem subject to constraints. This problem can be 
solved by the same procedure in Chapter V. 
CHAPTER VII 
OPTIMIZATION.OF A HEAT RECOVERY SYSTEM IN A 
DISTILLATION PROCESS 
Distillation is one of the most common.processes in the chemical 
process industry. In .this chapter, optinµ_zation of a heat recovery 
system for a distillation process ii? conducted by means of the prop'Ose<i 
optimization procedure., 
Problem Statement 
Optimimum design of a heat recovery .system is desired for a 
disti:!-lat:i,on column which is to split a butane feed into normal. 
butane and iso butane (Figure .. 37). Properties of the feed stream 
and .other ava:i,.lable numerical data for the design are·summarized 
in Table VII and VIII. 
The feed stream is initial~y at 70°F and it is desired to be· 
hea.ted up to bubble point temperature before it goes into the. distilla-
tion column. The temperatures of· the distillate and the bottom products 
from th.e column are 180.15°F aij.d 207 .20°F respectively and are required 
to be cooled to l00°F. It is des.ired to recover heat from the product 
streams and use it to preheat the feed stream. The GPA program (8) 
is used for the bubble point calculation .and the OSU PAS system (7) 
















STREAM DATA 1 
Compone"Q.t Feed Distillate B.ottom 
Product Product 
Propane· 60.00 60.00 o.oo 
I-Butane. (lb moles/ht) 2260.00 2248.00 22.38 
N~.Butane 3530.00 35.30 3434. 70 . 
I-Pentane 90.00 o.oo 90.00 
N-Penta"Q.e · 60.00 0.00 60.00 
Tota:{. (lb moles/hr) 6000.00 2344.00 3667.08 
0 
Temperature, F 195.64 180.15. 207.20 
Pressure, psia 200.00 200.00 20,0.00 
Enthalpy, MM Btu/hr 19.5224 22~0279 13.5948 
Fraction of, Vapor o.oo 1.00 0-.00' 
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TABLE VIII 
STREAM DATA 2 
Stream State Temperature Enthalpy. LlH Heat Capacity 
Flow .Rate Flow Rate 
OF MM Btu/hr. MM Btu/hr MM Btu/hr°F 
Feed Initial 70 -5.3670 
24.8894 1. 98 
Final 195.64 19.5224 
Top Initial 180.15 22.0278 
Product -16.2553 Infinity 
Bubble 175.22 5. 7727 
Point - 5.6408 0.75 
Final 100.00 0.1319 
Bottom Initial 207.20 13.5948 
Product -13.2255 1.23 
Final 100.00 0.3683 
Cooling water is available at 80°F and 15 psig steam (250.33°F) 
is chosen for heating. Film heat transfer coefficients and fouling 
factors of the streams are given in Table IX. 




HEAT TRANSFER COEFFICIENT AND FOULING FACTORS 
Stream Film Heat Transfer 
Coefficient, Btu/Hr Ft2 °F 
Fouling Factor 
2 0 Ft. Hr F/Btu 
Cooling Water 
Hydrocarbon 








DAlA FOR COST CALCULATION 
Capital Cost of 
Heat Exchanger 
8 in Qu. (4-17) 
c = aAb 
Unit Cost of Cooling Water 
Unit Cost of Steam 
Annual Operating Days 
a = 350 x 1.35 
b 0.65 
0.2 
6 x 10-6 $/lb 
-3 
LS x 10 $/lb 
350 days 






The temperature-heat capacity flow rate diagram can be drawn with. 
the data in Table VIII, resulting in Figure 38. 
A 
250 ,- - - - - - - - - - - - - - - - - -· 
B 
Preliminary Upper Limit Temp. 
200 
\ ,, 








c Preliminary Lower Limit Temp. 
1 2 3 1 2 . 
c 105 Btu/Hr°F 
. 
Figure 38. T-C Diagram of Heat Recovery System 
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0 0 Preliminary temperature limits are 70 F and 207.20 F and between 
these limits, ~~Hh .. is obviously larger than ~~H ld .• Therefore, . ot, 1 . co , J 
1 J 
lower limit of the temperature of hot streams has to be redetermined 
satisfying 
(7-1) 
But in this problem, temperature contention exists at the lower 
end of the hot stream temperatures. If one of the two temperatures, 
Ts,t and TB,t (Figure 39) is fixed, the other one will be determined, 
In this case, the lower limit temperature cannot be uniquely defined 
as in Chapter VI. 
It appears possible in the diagram (Figure 38) to heat the cold 
stream up to the final specified temperature. But while matching the 
hot and cold streams by the procedure in Chapter VI.one finds there 
is such .a close temperature approach that one must accept the necessity 
of an additional heater for the final heating of the cold stream, 
Therefore, one can synthesize a possible optimum configuration of 
the heat exchange system of this problem as Figure 39.(Configuration 1). 
For the configuration determined, one can draw the flow sheets 
of the synthesized system as Figure 40. 
Formulation of Optimization Problem 
From Figures 39 and 40, one can find that if T4 becomes 
equal to T exchangers No. 3 and No. 7 are not necessary as in Figures 
T,f 
41 and 43 (Configuration 2). If T4 is. equal to T2 in Figures 39 and 40, 
this configuration becomes the one in Figures 42 and 44 (Configuration 
3) in which exchanger No. 4 is not necessary. 
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Figure 39. Synthesis of Heat Recovery System (Configuration 1) 
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Figure 44. Flow Sheet of Heat Recovery System (Configuration 3) 
split of feed stream, the amounts of water required in the coolers, 
and the amount of steam required in the heater. The total number of 
variables to be determined is fourteen. 
There are eight energy balance equations. Two optimum outlet 
water temperature determination calculations can determine two 
unknown variables., 
Therefore, this problem becomes the minimization of a four 
variable, nonlinear function subject to constraints. If one chooses 
t 1 , t 3 , 4 , t 4 , and T4 as independent variables, one can design the 
optimum heat exchanger system. 
For the designs of individual heat exchangers, data tables as 
Table Xf can be helpful. 
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Considering the startup condition, when no or reduced hot stream 
flow is available, the steam heater has to be designed to have the 
capacity to heat the initial feed stream up to the final feed stream 
temperature. (But this need not be done at full flow rate.) 
A. Energy Balance Equations. 
Overall energy balance equation can be expressed as follows: 
(7-2) 
T j can be determined rearrang!i.ng Equation ( 7-2) 
(7-3) 





DATA FOR INDIVIDUAL HEAT EXCHANGER DESIGN 
Exchanger 
:No. 1 2 3 4 5 6 7 (8) 
Tube Feed Tc;>p 
Product 






Feed Bottom Top Feed Bottom Bottom Top 














0.001. 0.001 0.001 




























0.001 0.0005 0.001 0.001 
0.001. 0.001 0.001 0.001 
( ) means the design for the start up condition 




o. 001 ·. 
II f II denotes independent variables to be determined by energy balance 
11
11". denot.es independent variables to be determined by optimum calculation 
by Fibonacci.search 
"no superscript'~ denqtes chosen· ind.ependent variable 
.. 
ti can be determined rearranging Equation (7-4) 
From Exchanger No. 1 
Ti can be determined rearranging Equation (7-9) 





CF 1 and CF 2 can be determined as follows: 
' ' 
From Exchanger No. 3 
t' can be determined by rearranging Equation (7-11) 
3 











m s (7-14) 
From Exchanger No. 6 
I ( U 0 ) c .. 6. t 1':-t . w,. w,u w,1 (7-15) 
Rearranging gives 
. . 
t:,6 = CB(T)-TB~f)/c~,6 + tw~i (7-16) 
From Exchanger No. 7 
. 
C I 0 ( t Iii -t 0 ) 




The constraints for a counter-current heat exchanger 
design is _that .the inlet temperature of hot stream should be 
higher than the outlet temperature of cold stream and the 
out.let temperature of hot .stream should be higher than the 
inlet temperature of cold stream. The outlet temperature of 
a hot stream must be lower than its inlet temperature and 
the.outlet temperature of the cold stream should be higher 
than the inlet temperature of the cold stream. All of the 
heat exchangers have to satisfy the above constraints. 
For shell and tube heat exc~angers, the above constraints can 
be expressed as follows: 
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1. When cold stream goes to shell side and hot stream to 
tube side (Figure 45) 
TIT > SOT and TOT > SIT (7-19) 
and 
TIT > TOT and SOT > SIT (7-20) 
2. When hot stre~m goes to shell side and cold.stream to 
tube side (Figure 46) 
SIT > TOT and SOT > TIT 
and 
SIT > SOT and TOT ~ TIT 
C. Total Annual Cost. 
(7-21) 
(7-22) 
Total annual cost of the heat exchanger system, (TACO) 
s 
can be expressed as follows: 
(TACO) s = 8 • (EXCOl + EXC02 + EXC03 + EXC04 + EXC08 
+ EXC06 + EXC0 7) + SCOST5 + WCOST6 + WCOST 7 
The steam heater is to be designed to have the capacity 
to heat the feed stream to the bubble point for the startup 
condition. 
The Computer Program 
The computer program for the optimization of the heat recovery 
system in a diE1tillati,on process using the modified simplex method 
(for the optimization of a given system configuration) and the 
Fibonacci search technique (for the optimum water outlet temperature . 







Figure 45. T-H Diagram for a Shell 
and Tube Exchanger 
(Cold Stream to Shell 
Side and Hot Stream 








Figure 46. T-H Diagram for a Shell 
and Tube Exchanger 
(Cold Stream to Tube 
Side and Hot Stream 






digital computer. A description of the main program and the subroutines 
is presented in the following sections. 
Main Program 
The main program is the optimization calculation of·the minimum 
total annual cost by using the modified simplex method. The subroutine · 
CONST is called to check .the feasibility of the starting simplex 
points, reflected point, and expanded point. The subroutine SYSTM 
is called to calculate the. total annual cost of ·the heat exchange 
system. The basic optimization procedure is discussed in Chapter V. 
Subroutine SYSTM 
This subroutine supplies the main program with the objective 
function for optimization. Design of all the heat exchangers and all 
cost calculations are carried in the program. The subroutine FIBON 
is called to calculate the optimum water outlet temperatures for the 
water cooler designs. The subroutines HEXCH, COOLER, HEATER are 
called to design the heat exchangers, coolers, and heaters and to 
calculate the. costs of exchangers, coolers, and heaters. The logic 
diagram of subroutine SYSTM is shown in Figure 47. 
Subroutine CONST 
This subroutine supplies the ma.in program with feasibility tests 
by checking all the constraints. The logic diagram of subroutine 
CONST is shown in Figure 48. 
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!TEST = 2 
This subroutine supplies the subroutine SYSTM with the calculation 
of optimum outlet water temperatures. The subroutine FUNC is called 
to calculate the total annual cost of water cooler. The logic diagram 
of the subroutine FIBON is given in Figure 49. 
Subroutine FUNC 
DATA 
Determine the Possible 
Range of Outlet Water 
Temperature 
Use Fibonacci Search 
Technique to 
Determine Optimum 
Outlet Water Temperature 
Considering Outlet Water 
Temperature as Independent 
Variable and Total Annual 
Cost of Water Cooler as 
Objective Function to be 
Minimized 
RETURN 
Figure 49. Logic Diagram of 
Subroutine FIBON 
This subroutine supplies the subroutine FIBON with objective. 
function by computing the annual cost of water cooler including the 
annual amortized capital cost and water cost. · The subroutine COOLER 
is called. to calculate the capital cost and water cost• · The logic 





Cost and Water . 
Cost,of Cooler 
Calculate Total 
Annual Cost of 
Water Cooler 
RETURN. 
Figure. 50. Logic Diagram 
·of Subroutine 
FUNC 
This subroutine design~ the heat exchangers and calculates the 
capital co~t of the exchangers. The subroutine OHTC is called to 
calcul,ate the overall heat transfer coefficient, the subroutine TMI'D 
is cal+ed to calculate the. log mean temperatqre difference, the 
subroutine FNSP is caLJ.ed to. calculate the con:figuration correction 
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factor F and the. number of shel.ls in series, and ·the su~routine EXCOS 
is called to calcu],ate the capital cost of heat exchanger and the 






















This subroutine designs the cooler and calculates the capital 
cost of the cooler and the annual cooliI).g water cost. 
The subroutinei:; OHTC, TMTD, FNSP, EXCOS are called as in the 
subroutine HEXCH and the subroutine WATER is called to calculate 
the annual cooling water cost. 
The logic diagram is.the same·as that of the subroutine HEXCH 
except the additional calculation of annual cooling water cost. 
Subroutine HEATER 
This subroutine designs the steam heaters .and calculates the· 
captial cost of the.heaters and annual heating steam_cost. 
The subroutines OijTC, TMTD, EXCOS, STEAM are called to calculate 
the overall heat transfer coefficient, LMTD, total and annual 
amortized capital cost of heat exchanger, and annual steam cost 
• 
respectively. 
The logic diagram is the same as that·of the subroutine HEXCH 
except for the additio.n of the calculation of annual heating steam 
cost. 
Subroutine TCNDS 
This subroutine designs the total condensers without sub-
cooling. 
The subroutines OHTC, TMTD, EXCOS are called to ca!Culate the 
ov.erall heat transfer coefficient, LMTD, total and amortized capital 
cost of heat excha1rner respectively. 
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The logic diagram is the. same as that of the subroutine HEXCH. 
Subroutine OHTC 
This _subroutine ca],culates the overall heat transfer coefficient 
for all ki.nds of heat exchangers. ~quation (4-17) is used to calculate 
lT • o· 
Subroutine TMTD 
This su,broutine cak.ulat_es the log mean temperature difference· 
for the_count;ercurrent case·for all.kinds of heat exchanger.design 
subroutines. Equation (4-9) is used_ to.calculate LMTD. 
Subroutine FNSP 
This ·subroutine s,upplies to the subroutines. HEXGH and COOLER 
the num.ber of shells in series ,and·configuration correction factor 
for N shells and 2N or more tube passes. Equations 10, 11, lZ, 13, 
14 and 15 in Chapter IV are used. The logic diagram of-the subroutine 
FNSP is shown in Figure 52. 
Subrou_tine EXCOS 
This subroutine suppli.es the total and· the amortized annual 
capital costs of heat exchangers .to all kind of exchanger. subroutines. 
(EXCO) = N • a (A)b 
N 
where 
EXCO: total cap:f_tal,cost of an exchanger 
N: No. of shells in series in an exchanger 
(AREX) = 8 • (EXCO) 
where 
AREX: amortized annual capital cost 
Subroutine WATER 
Calculate 







Figure 52. Logic Diagram 
of Subroutine 
FNSP 
N = N + 1 
This subroutine calculates the annual cost of cooling water: 




(WCOST) annual water cost ($/yr) 
C unit cost of water ($/lb) 
w 






heat duty of cooler (Btu/hr) 
heat capacity of water (Btu/lb °F) 
annual operating days (days/yr) 
This subroutine claculates the annual cost of heating steam: 
(SCOST) =·Cs (H~LA) • (24. (OPDY)) 
where 
SCOST:. annual steam cost ($/yr) 
c unit cost of steam ($/lb) s 
Q heat duty of heater (Btu/hr) 
HTLA latent heat~f steam (Btu/lb) 
OPDY annual operating days (days/yr) 
Results and Discussion 
Optimum design of the heat recovery system in Table XII is 
obtai.ned by the computer program for the system configuration I in 
100 
Figures 39 and 40. From Table XII, one can see that exchanger No. 3 
and No. 7 are too small to include. This means that the exchangers 
No. 3 and No, 7 are negligible and .the optimum heat exchange system 
configuration is configuration 2 in Figure 41. Therefore, stream 
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splitting is unnecessary in this problem. The reason :i,s that tempera-: 
ture contention exists over the lower end zone of the hot stream 
temperatures and does not affect the total amqunt of heat recoverable .• 
Another reason is that the heat exchanger cost is a function of the 
number as well 11s the area of the exchangers. In configuration 2 the 
number of exchangers needed is five and the amount of heat recovered 
is nearly same as that of configuration 1 in which two more exchangel:s 
are used. This can be observed in the graphical analysis. 
TABLE XII 
OPTIMUM DESIGN OF CONFIGURATION 1 
Exchange No. 1 2 3 4 5(0P) 6 7 8(ST) 
Tube Side Feed Feed Feed Feed Heating Cooling Cooling Heating 
Steam Water Water Steam 
Shell Side Bottom Condensing Bottom Top Feed Bottom- Top Feed 
Product Top Product Product . Product Product Product 
TIT (OF) 176.7 98.57 70.00 70.00 250.33 80.00 80.00 250.00 
TOT (OF) 188.3 176.7 70.69 102.3 250.33 120.00 86.07 250.33 
SIT (oF) 207.2 180.1 188.4 175.2 188.3 188.3 100.0 70.0 
SOT (OF) 188.4 175.2 188.3 100.0 195.6 100.0 100.0 195.6 
Q(MMBtu/hr) 2.309 15.46 0.0159 5.641 1.451 10.86 0.00077 24.88 
U(Btu/hr°Fft 2) 95.81 113.3 95.81 95.81 157.0 134.4 134.4 157.0 
LMTD(°F) 15.05 23.70 118 48.35 58.28 39.33 16.79 105.3 
F 0.8075 1.00 1 0.9546 1.00 0.8939 1.0 1.00 
NSP 1 1 1 2 1 2 1 1 
A (ft2) 1982 5759 1.407 1276 158.6 2299 0.343 1505 
EXCO ($) 6.57E4 13.14E4 0.059E4 6.288E4 12.7E4 9.22E4 0.0236E4 5.49E4 
AREX ($/Yr) l.314E4 2.628E4 0.0118E4 l.258E4 0.255E4 l.844E4 0.0047E4 l.099E4 
UTILITY ($/Yr) l.934E4 l.368E4 0.006E4 33.16E4 
Annual Amortized Exchanger Cost $81,590 
Steam Cost $19,340 
Water Cost $13,690 I-' 0 
Total Annual Cost $114,600 N 
CHAPTER VIII 
CONCLUSIONS 
In this work, optinµ.zation .of heat exchange·systems is studied 
as a three stage optimization procedure. First, the procedure for 
designing an optimum water cooler is dis.cussed, applying Fibonacci 
search technique. Second, optimization of a heat exchange system for 
a fixed system configuration is discussed applying a modified Nelder 
and Mead algorithm. Third, optimal synthesis of heat exchange system 
is studied by graphical analysis.of temperature-enthalpy flow rate 
diagrams·and temperature~heat capacity flow rate diagrams.· 
Thu.s ·any heat exchanger system can be synthesi.zed and designed 
optimally .with the proposed optimization procedures in this work. For 
more sophisticated design of individual exchangers, the results. from 
this optimization procedure can be us.ed to determine the exchanger 
details.. If the thermodynamic property calculation package· is avail-
able to use as a subroutine to ca:!.culate the exact values of enthalpy 
flow rate and· heat capacity flow rate, the final result. will. be more 
accurate. 
The modified simplex method introduced here needs to be further 
refined and can be compared with the Box Complex method from the cal-
c-qlation efficiency point of view. 
The graphical visualization concept used here can be applied to 
many other energy recovery problems to maximize the amount of energy 
to be recovered. 
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The optimization procedure adapted here requires fewer assu.m~tions 
anQ. simplifi,cations,than.the other ones in·open literature as far 
as this author knows~ 
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